Nanopatterning of graphene and diamond by low energy ( 30 keV) electrons has previously been attributed to mechanisms that include atomic displacements caused by knock-on, electron beam heating, sputtering by ionized gas molecules, and chemical etching driven by a number of gases that include N 2 . Here we show that a number of these mechanisms are insignificant, and that the nanopatterning process can instead be explained by etching caused by electron induced dissociation of residual H 2 O molecules. Our results have significant practical implications for gas-mediated electron beam nanopatterning techniques and help elucidate the underlying mechanisms. 
Nanopatterning of graphene 1 and diamond 2,3 has attracted interest due the unique electrical 4 and optical 5 properties of these materials. They are however, sensitive to doping levels and defects in the crystal structure which can be a↵ected by the processing method 6,7 .
Gas-mediated electron beam induced etching 8, 9 (EBIE) is increasingly being used for rapid prototyping of functional structures in graphene 10 and diamond 11 as it eliminates damage to the material produced by masking and ion implantation.
In the EBIE process, gaseous precursor molecules are delivered to the substrate surface where they are dissociated by an electron beam, producing reactive fragments which give rise to volatilization of the substrate. EBIE has been used to etch numerous carbon materials including graphene 10, [12] [13] [14] [15] , carbon nanotubes [16] [17] [18] [19] , diamond 11, [20] [21] [22] , ultra nano-crystalline diamond 23 (UNCD), and amorphous carbon-rich nanowires 24, 25 and films 18, 24, [26] [27] [28] . At low electron beam energies ( 30 keV), where atomic displacements by knock-on collisions between electrons and carbon are negligible 14, 29, 30 , the removal of carbon is typically attributed TABLE I. Depths of pits produced in UNCD using an electron beam under a number of environmental conditions. The two cryogenic pumps are shown in Fig. 2 
(b).
To confirm the role of H 2 O in the observed carbon removal process, a set of ⇠ 6.6 µm diameter pits (summarized in Fig. 2 (a) and Table I ) were fabricated in high vacuum, and at N 2 and Ar pressures of 13 Pa. The experiments were performed using a UNCD substrate, a 20 keV stationary top-hat electron beam with a diameter of ⇠ 6.6 µm, and the vacuum system configuration based on the environmental reaction cell (eCell) shown in Fig. 2 
The UNCD substrates were ⇠ 1.7 µm films grown on silicon by hot filament chemical vapor 23, 36 . The eCell shown in Fig. 2 (b) was used (instead of a conventional cappilary-style gas injection system 37 )
because it improves the degree of control over the vacuum chamber environment 25, 38 , and enables EBIE experiments to be performed with a high degree of reproducibility 23 . Two liquid nitrogen (LN) cold traps were installed, one on a gas delivery line and one inside the eCell (see Fig. 2 (b)) to enable optional cryogenic pumping of gaseous contaminants present in the vacuum system. Depths of pits were measured ex situ using the tapping mode of a DI Dimension 3100 atomic force microscope (AFM), and analyzed using the software package
First, we compare pits made in UNCD with both cryogenic pumps disabled. The depths of pits made in high vacuum and an Ar environment were 37-62 nm and 417 nm, respectively, as shown in Table I (for a full Next, the cryogenic pump installed inside the eCell shown in Fig. 2(b The above results, summarized in Fig. 2(a) and Table I dicates that most of the extra H 2 O evolves from gas delivery plumbing and vacuum system walls exposed to the flowing Ar gas.
Next, we show that under the conditions used to perform the above experiments in high vacuum, N 2 and Ar environments, the surface of the etched material is covered predominantly by H 2 O molecules. In the absence of electron irradiation, the concentration of surface-adsorbed molecules (N ) is found by solving 8 :
where sF (1 ⇥) is the flux of gas molecules adsorbing to the surface, N/⌧ is the desorption flux, s is the sticking coe cient, F is the gas molecule flux incident onto the surface (F = P/ p 2⇡mkT g ), P is pressure, m is the gas molecule mass, k is Boltzmann's constant, T g is gas temperature, ⇥ is the adsorbate coverage (which is typically limited to one monolayer by the Langmuir isotherm, ⇥ = AN ), A is the area of a single surface site and ⌧ is the adsorbate residence time:
where ⌧ 0 is the reciprocal desorption attempt frequency, E is the activation energy for thermal desorption and T is the temperature of the surface. Eqn. 1 has the steady state solution:
which, at 298 K, yields a H 2 O concentration of 1.5 ⇥ 10 10 cm 2 at a pressure of 3 ⇥ 10 Finally, we note that many medium and long chain hydrocarbons have high adsorption energies on common surfaces 8, 42 , and the role of residual hydrocarbon contaminants must not be overlooked when interpreting electron beam irradiation experiments. Hydrocarbon impurities are common in high vacuum systems and give rise to electron beam induced deposition (EBID) of amorphous carbonaceous materials 34 . In the present work, this EBID process was minimized by using the conditioning procedures described above and in the In conclusion, the injection of inert gases into a high vacuum chamber was shown to increase the removal rate of carbon from UNCD by a low energy electron beam. It is caused by an increase in the concentration of residual H 2 O adsorbates at the sample, and can be eliminated using an appropriate vacuum system configuration. 
